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The development of the mammalian antero-posterior (A-P) axis is proposed to be established by distinct anterior and
posterior signaling centers, anterior visceral endoderm and primitive streak, respectively. Knock-out studies in mice have
shown that Otx2 and Cripto have crucial roles in the generation and/or functions of these anterior and posterior centers,
respectively. In both Otx2 and Cripto single mutants, the initial formation of the A-P axis takes place in a proximal–distal
P-D) orientation, but subsequent axis rotation fails to occur. To examine the developmental consequences of the lack of
hese two genes, we have analyzed the Otx22/2;Cripto2/2 double homozygous mutant phenotype. In the double mutants, the
xpression of the A-P axis markers Cer-l, Lim1, and Wnt3 was not induced, while expression of Fgf8 and T was expanded
hroughout the epiblast, indicating that the double mutants could not form the A-P axis even in its initial P-D orientation.
n addition, the double mutants displayed defects in differentiation of the visceral endoderm overlying the epiblast, as well
s in the extraembryonic ectoderm. Furthermore, differentiation of neuroectoderm was accelerated as judged by the
eduction of Oct4 expression and emergence of Sox1 and Gbx2 expression in the double mutant epiblast. The resulting
ctoderm only displayed characteristics of anterior hindbrain, implicating it as a ground state in the mammalian body plan.
ur results indicate that complementary functions of Otx2 and Cripto are essential for initial patterning of the A-P axis in
he mouse embryo. © 2001 Academic Press
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aINTRODUCTION
Two distinct organizing centers for the head and trunk
have been postulated for the development of the antero-
posterior (A-P) axis in vertebrates (Spemann, 1931). In
mammals, these head and trunk inducing activities are
suggested to reside within the anterior visceral endoderm
(AVE) and node/primitive streak, respectively (Beddington
and Robertson, 1998, 1999).
Recent studies have shown that the A-P axis in the
mouse embryo is initially generated in a proximal–distal
(P-D) orientation around 5.5 dpc (days postcoitum) (Bed-
dington and Robertson, 1999). Subsequently, a process of
1o
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12axis rotation” takes place prior to primitive streak forma-
ion. In this process, the expression of genes that mark the
istal visceral endoderm (DVE) shifts to the anterior vis-
eral endoderm (AVE), while markers expressed in the
roximal epiblast (PrE) shift to the posterior epiblast (PoE),
here the primitive streak is to be formed. (Hereafter, we
efer to these A-P axis markers as D/AVE and Pr/PoE genes,
espectively.) This A-P axis rotation is brought about in part
y the anterior movement of DVE cells (Beddington and
obertson, 1999; Thomas et al., 1998; Kimura et al., 2000).
he resulting AVE is proposed to play essential roles in
orebrain development (Beddington and Robertson, 1998,
999), as shown by surgical ablation experiments (Thomas
nd Beddington, 1996).
On the caudal side, the formation of trunk structures isrganized by the node/primitive streak formed in the PoE
0012-1606/01 $35.00
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13Interaction between Otx2 and Cripto in Epiblastduring gastrulation (Beddington, 1994; Tam and Behringer,
1997). Notably, the ectopic implantation of mouse node or
early posterior epiblast can induce a secondary axis that
consists of only posterior structures, consisting of hind-
brain and trunk regions but lacking forebrain (Beddington,
1994; Tam and Steiner, 1999).
FIG. 1. Morphological features of mutant embryos. (A–D) Whole
sections of the wild-type (A, E), Otx22/2 (B, F), Cripto2/2 (C, G), and
and allantois (al) are evident in the wild-type embryo at this stage
ripto2/2 (G) single mutant embryos. In contrast, the Otx22/2;
ABLE 1
requencies of Genotypes among Embryos Crossing Otx21/2;Cript
Genotype (Otx2;Cripto)
(n 5 469) 1/1; 1/1 1/1; 1/2 1/1; 2/2 1/
Number of embryos 35 70 28
Frequency % 7.5 14.9 6.0
Predicted % 6.25 12.50 6.25esodermal layers. An amniotic ectoderm-like structure (H, arrowhe
pparent. Embryonic ectoderm is hyperplastic (H, arrows). Abbreviation
Copyright © 2001 by Academic Press. All rightOtx2 is a paired-like class homeobox gene that plays
ritical roles in the generation and function of the anterior
ignaling center in the AVE. Otx2 is expressed early in the
VE and subsequently in the AVE (Simeone et al., 1993)
nd is essential for the anterior movement of DVE cells
Kimura et al., 2000). Thus, in Otx22/2 mutants, DVE cells
nt lateral views and (E–H) hematoxylin–eosin staining of sagittal
2/2;Cripto2/2 (D, H) embryos, respectively, at 7.8 dpc. Amnion (am)
These extraembryonic tissues are formed in both Otx22/2 (F) and
to2/2 embryo fails to form the embryonic and extraembryonic
Mutant Mice at 7.8 dpc
/1 1/2; 1/2 1/2; 2/2 2/2; 1/1 2/2; 1/2 2/2; 2/2
106 51 36 55 30
22.6 10.9 7.7 11.7 6.4
25.00 12.50 6.25 12.50 6.25-mou
Otx2
(E).
Cripo1/2
2; 1
58
12.4ads) is formed, but extraembryonic ectoderm structures are not
: hf, head fold.
s of reproduction in any form reserved.
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14 Kimura et al.FIG. 2. Defects of embryonic ectoderm. (A–P, U–X) Whole-mount in situ hybridization analysis of embryos at 7.5 dpc (A–H) and 7.8 dpc
(I–P, U–X). (Q–T) The sagittal sections on embryos are shown in (M–P), respectively. Each genotype was determined after in situ
hybridization. Oct4 (A–D), Sox1 (E–H), Six3 (I–L), Gbx2 (M–T), and Hoxb1 (U–X) expressions. At 7.5 dpc, Oct4, an undifferentiated epiblast
marker, is still expressed in the entire embryonic region in the wild-type (A) and Otx22/2 embryos (B). However, in the Cripto2/2 and
tx22/2;Cripto2/2 embryos, the Oct4 expression is vestigial (C, D). Sox1, a neural differentiation marker, is not expressed in the 7.5-dpc
wild-type (E) or Otx22/2 embryos (F). In the Cripto2/2 and Otx22/2;Cripto2/2 embryos, it is induced in the distal epiblast (G, H). Six3
ranscripts are detected in the most anterior neuroectoderm in the wild-type embryo (I). In Cripto2/2 embryo, they are present in the distal
ectoderm (K), but in the Otx22/2 (J) or Otx22/2;Cripto2/2 embryo (L) they are not found at all. Gbx2 is a marker for rostral hindbrain with
the anterior limit of its expression at rhombomere 1 (M, Q), but it is also expressed in nascent mesoderm in primitive streak (Q). This
expression pattern is also found in the Otx22/2 embryo (N, R), but in the Cripto2/2 embryo Gbx2 expression is present only in the proximal
ctoderm (O, P). In the Otx22/2;Cripto2/2 embryo Gbx2 is expressed throughout the embryonic ectoderm (P, T; arrows). Hoxb1, a caudal
neuroectoderm marker with the anterior limit of its expression at rhombomere 4 (U), is expressed in the Otx22/2 ectoderm (V), but is not
2/2 2/2 2/2in the Cripto (W) or Otx2 ;Cripto (X) embryo. Abbreviations: ane, anterior neural ectoderm; pch, presumptive caudal hindbrain; prh,
resumptive rostral hindbrain.
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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15Interaction between Otx2 and Cripto in Epiblastdo not move to the anterior side, and A-P axis rotation does
not take place (Kimura et al., 2000). In addition, our recent
ork using a germ layer coculture assay has strongly
uggested that the AVE mediates forebrain development by
uppressing posteriorizing signals and that the Otx22/2
mutant visceral endoderm lacks this activity (Kimura et al.,
2000).
In contrast, Cripto plays a critical role in the generation
and/or function of the posterior signaling center in the
primitive streak (Ding et al., 1998; Schier and Shen, 2000).
Cripto is an EGF-CFC family gene that encodes an extra-
cellular protein that is thought to act as an essential
FIG. 2—cofactor for signaling by the TGFb-related factor Nodal
Copyright © 2001 by Academic Press. All right(Schier and Shen, 2000), which is required for the formation
of the node/primitive streak (Zhou et al., 1993; Gritsman et
al., 1999; Meno et al., 1999; Conlon et al., 1994). Cripto2/2
mutant embryos cannot form the embryonic mesoderm or
primitive streak; the mutants primarily consist of rostral
brain and lack posterior structures (Ding et al., 1998).
otably, A-P axis rotation also does not occur in Cripto2/2
mutants; the D/AVE markers remain in a distal position
and the Pr/PoE markers proximally even at 6.75 dpc (Ding
et al., 1998).
To investigate the potential interactions between the
Otx2 and Cripto pathways in early patterning and A-P axis
tinuedgeneration and to determine the “ground state” of epiblast
s of reproduction in any form reserved.
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16 Kimura et al.differentiation in the absence of both anterior and posterior
signaling centers, we have generated and analyzed Otx2 and
ripto double homozygous mutant embryos. Unexpect-
dly, we have found that the double mutant embryos fail to
xpress the earliest A-P axis markers, even prior to axis
otation, indicating an early requirement for the Otx2 and
ripto pathways in establishing the A-P axis. Furthermore,
he resulting ectoderm only displayed anterior hindbrain
haracteristics, suggesting that the anterior hindbrain can be
ormed independently of head and trunk inducing activities.
MATERIALS AND METHODS
Generation of Mutant Mice
Genotypes of newborn mice and embryos were routinely deter-
mined by PCR (polymerase chain reaction) and confirmed, when
necessary, by Southern blots of genomic DNAs prepared from tails or
yolk sacs. In the PCR analyses, the sizes of the products and the
probes used were as follows: for the Cripto locus, wild-type allele (230
bp) with primer C1 (59-ATCTTGGCTGCTAACTTCCCACAGAC-
TABLE 2
Summary of Marker Expression in Double Mutant Embryos
Tissues Markers
Stages
(dpc) Wild t
Embryonic ectoderm Oct4 6.5 1
7.5 1
Sox1 6.75 & 7.5 2
Six3 6.75 & 7.8 2
Hesx1/Rpx 6.75 2
En-1 6.75 2
Gbx2 6.75 2
7.8 1
mMeis2 6.75 2a
Krox20 6.75 2
Hoxb1 7.8 1
Visceral endoderm Cer-1 6.5 1
Lim1 6.5 1
Lefty-1 6.5 1
Mdkk-1 6.5 1
TTR 6.5 1
Wnt3 6.5 1
Proximal epiblast and
mesoderm
Wnt3 6.5 1
Lefty-2 6.5 1
T 6.5 1
Fgf8 6.5 1
xtraembryonic ectoderm
and mesoderm
Bmp4 6.5 1
mEomes 6.5 1
Fgf3 7.25 1
T 7.25 1
a mMeis2 is not expressed in the ectoderm of wild-type and Otx
b TTR expression is observed in the entire visceral endoderm, in
c T and Fgf8 expression are expanded throughout the entire epibTCTC) and primer C2 (59-CAAGGTTAGCTCATACCTGGATG-
Copyright © 2001 by Academic Press. All rightAGAAGTA) and mutant allele (420 bp) with primer C1 and C3
(59-CCATTCGCCATTCAGGCTGCGCAACTGTTG). Wild-type
and mutant alleles of the Otx2 locus were identified as described
(Matsuo et al., 1995). The genotypes of embryos from 5.5 to 7.25
dpc were determined by PCR after in situ hybridization. Following
methanol fixation, all analyzed embryos were photographically
recorded. Subsequently, each embryo was lysed in 50 ml Proteinase
solution (1 mg/ml) for 2 h at 55°C. Crude genomic DNA solution
2–10 ml) was employed as a PCR template.
Histological Analysis
For histological analysis, embryos were fixed in 0.2% glutaral-
dehyde and 4% paraformaldehyde at 4°C overnight and embedded
in paraffin as described by Kaufman (1992). Serial sections 7 mm
thick were stained with hematoxylin and eosin.
In Situ Hybridization
Whole-mount in situ hybridization was performed as described
Expression
Otx22/2;Cripto2/2Otx22/2 Cripto2/2
1 1 2 (n 5 3)
1 2 2 (n 5 2)
2 1 1 (n 5 4)
2 1 2 (n 5 10)
2 1 2 (n 5 7)
2 2 2 (n 5 3)
2 1 1 (n 5 4)
1 1 1 (n 5 4)
2a 1 1 (n 5 2)
2 2 2 (n 5 2)
1 2 2 (n 5 6)
1 1 2 (n 5 4)
1 1 2 (n 5 3)
1 2 2 (n 5 3)
2 1 2 (n 5 1)
1 1 11b (n 5 5)
1 1 2 (n 5 4)
1 1 2 (n 5 4)
1 2 2 (n 5 3)
1 1 11c (n 5 2)
1 1 11c (n 5 3)
1 1 2 (n 5 2)
1 1 2 (n 5 2)
1 1 2 (n 5 8)
1 1 2 (n 5 3)
embryos at 6.75 dpc.
ing embryonic region.ype
22/2(Wilkinson, 1993).
s of reproduction in any form reserved.
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17Interaction between Otx2 and Cripto in EpiblastReverse Transcription PCR
RNAs were isolated from 3.5-dpc and 4.5-dpc embryos with
TRIzol (Gibco BRL) and converted into cDNAs using oligo(dT)
primer and Super Script II RNaseH2 Reverse Transcriptase (Gibco
RL). Primer sets used were as follows: to detect Oct4 (230 bp), 59-GA-
GAAGCCGACAACAATGAGAACCTTCAG-39 (exon 3) and 59-
TCTGGCGCCGGTTACAGAACCATACTCGA-39 (exon 5); Otx2
180 bp), 59-CGACGTTCTGGAAGCTCTGTTTGCCAAGAC-39 (exon
) and 59-TGGCAGGCCTCACTTTGTTCTGACCTCCAT-39 (exon 3);
ripto (174 bp), 59-ATGGACGCAACTGTGAACATGATGTTCGC-
A-39 (exon 4) and 59-CTTTGAGGTCCTGGTCCATCACGTGACCAT-
39 (exon 6); Fgf4 (204 bp), 59-CAGCGAGGCGTGGTGAGCATCTTC-
GGA-39 (exon 2) and 59-CTTCTTGGTCCGCCCGTTCTTACTGAG-39
(exon 3). The primers for HPRT expression were described previously
(Dusko et al., 1995). Amplification was performed by 35 cycles of the first
round PCR and 20 cycles of the second PCR: denaturation, 45 s at 94°C;
annealing, 25 s at 63°C; extension, 2 min at 72°C. Products were resolved
by 8% acrylamide gel electrophoresis and visualized by ethidium bro-
mide staining.
Blastocyst Culture
The 3.5-dpc blastocysts were cultured on plain plastic dishes in
ES medium (Dulbecco’s modified Eagle medium supplemented
with 20% fetal calf serum, 0.1 mM nonessential amino acids
solution, 1 mM sodium pyruvate solution, 1024 M 2-mercapto-
ethanol, and 1000 U/ml LIF) for 48 h in a 37°C humidified
incubator under 5% CO2–95% air. After the culture, they were
fixed with 4% paraformaldehyde/PBS for 2 h at 4°C, washed twice
with PBS solution containing 0.1% Tween 20, and stored in 100%
methanol. Expression of each gene was analyzed by whole-mount
in situ hybridization.
Generation and X-Gal Staining of Chimeras
Chimeric embryos were generated by injecting ROSA26 ES cells
(Friedrich and Soriano, 1991) into blastocysts obtained by crosses
between Otx21/2;Cripto1/2 male and female mice (Bradley, 1987).
he injected blastocysts were transferred to pseudopregnant CD-1
emales and recovered at 8.5 dpc. The chimeric embryos were fixed
ith PBS containing 1% formaldehyde, 0.8% glutaraldehyde, and
.02% NP-40 for 10 min and then washed three times with PBS for
0 min at room temperature. b-Galactosidase staining was carried
ut at 37°C for 4–12 h in PBS containing 1 mg/ml X-Gal, 5 mM
3Fe(CN)6, 5 mM K4Fe(CN)6, and 2 mM MgCl2. They were then
washed twice with PBS and stored in 10% formaldehyde/PBS. The
genotypes of the recipient blastocysts were determined by PCR of
lacZ-negative yolk sacs after the b-galactosidase staining. Serial
ections were also stained with eosin.
RESULTS
Anterior Hindbrain Characteristics
of Otx22/2;Cripto2/2 Ectoderm
Double heterozygous mice (Otx21/2;Cripto1/2) were ob-
tained normally and were fertile, and double homozygous
mutants (Otx22/2;Cripto2/2) were obtained by intercrossing
n a Mendelian ratio at 7.8 dpc [30/469 (6.4%); Table 1]. In
hese 7.8-dpc double mutant embryos, the embryonic ecto- k
Copyright © 2001 by Academic Press. All righterm was hyperplastic as it is in Cripto2/2 embryos (Figs.
C, 1D, 1G, and 1H) (Ding et al., 1998). To define this
ctoderm, the analysis was performed with molecular
arkers (Fig. 2; Table 2).
Our results indicate that the Otx22/2;Cripto2/2 ectoderm
acks anterior and posterior regions and has anterior hind-
rain characteristics that correspond to rhombomere 1 (r1)
nd/or r2 (Fig. 2; Table 2). In particular, Oct4 is a marker of
arly epiblast (Rosner et al., 1990; Scho¨ler et al., 1990), and
we found that its expression was greatly reduced in
Cripto2/2 mutants (Fig. 2C) and in Otx22/2;Cripto2/2 em-
bryos (Fig. 2D). Coincidentally, Sox1, a neural differentia-
tion marker, was induced in Cripto2/2 mutants (Fig. 2G) and
in Otx22/2;Cripto2/2 embryos (Fig. 2H); it is not in wild-type
or Otx22/2 embryos at this stage (Figs. 2E and 2F). Six3 is a
arker for forebrain (Fig. 2I) (Oliver et al., 1995) that is not
xpressed in Otx22/2 embryos (Fig. 2J), or in Otx22/2;
Cripto2/2 embryos (Fig. 2L). Gbx2 is a marker for rostral
hindbrain with the anterior limit of its expression at r1
(Figs. 2M and 2Q) (Wassarman et al., 1997), which is
expressed in both the Cripto2/2 (Figs. 2O and 2S) and
tx22/2 ectoderm (Figs. 2N and 2R). In Otx22/2;Cripto2/2
embryos, however, Gbx2 expression was detected through-
out the entire embryonic ectoderm (Figs. 2P and 2T).
Krox20 is a marker for r3 and r5 at 8.5 dpc (Wilkinson et al.,
1989a), which is found in the rostral end of Otx22/2 em-
bryos (Matsuo et al., 1995; Acampora et al., 1995; Ang et al.,
1996), but not in Cripto2/2 mutants (Ding et al., 1998).
Krox20-positive staining was absent in Otx22/2;Cripto2/2
embryos (data not shown). Finally, Hoxb1 is a marker for
the posterior neuroectoderm with the anterior limit of its
expression at r4 (Fig. 2U) (Frohman et al., 1990; Wilkinson
et al., 1989b). It is expressed in the embryonic ectoderm of
Otx22/2 embryos but not in that of Cripto2/2 embryos (Figs.
2V and 2W) (Acampora et al., 1998; Ding et al., 1998), and
was not found in Otx22/2;Cripto2/2 embryos (Fig. 2X).
Visceral Endoderm Defects in Otx22/2;Cripto2/2
Embryos
Visceral endoderm is proposed to be an essential player in
A-P development (Beddington and Robertson, 1998, 1999;
Kimura et al., 2000) and head formation is thought to
equire inactivation of both Nodal and Wnt signaling (Pic-
olo et al., 1999). Thus, we first examined the expression of
the Nodal inhibitor Lefty1 and the Wnt inhibitor mdkk1 in
the visceral endoderm (Meno et al., 1999; Glinka et al.,
998). We found that Lefty1 expression is retained in the
VE of the 6.5-dpc Otx2 mutants (Fig. 3B), while it was not
ound in Cripto2/2 or Otx22/2;Cripto2/2 embryos (Figs. 3C
and 3D). Mdkk-1 is known to be involved in head induction
in Xenopus as a potent Wnt inhibitor (Glinka et al., 1998).
Mdkk1 expression is present at 6.5 dpc in the DVE of
Cripto2/2 embryos (Fig. 3G), but was absent in Otx22/2 and
tx22/2;Cripto2/2 mutants (Figs. 3F and 3H). Importantly,
dkk1 is the only gene whose expression in the AVE isnown to be lost in Otx2 mutants (Kimura et al., 2000).
s of reproduction in any form reserved.
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18 Kimura et al.FIG. 3. Defects of visceral endoderm. Whole-mount in situ hybridizations at 6.5 dpc; lefty-l/2 (A–D), mdkk-1 (E–H), Cer-l (I–L), Lim1
(M–P), and TTR (Q–T) expression. The Lefty probe used detects both Lefty1 and Lefty2, and each expression domain is assigned as described
(Meno et al., 1999); Lefty1 is expressed in the AVE and Lefty2 in the nascent mesoderm in the wild-type embryo (A). In the Cripto2/2
embryo, Lefty1/2 expression is completely abolished (C), but is found in the DVE and proximal region of the Otx22/2 embryo (B). No
Lefty1/2 expression is detected in the Otx22/2;Cripto2/2 embryo (D). Mdkk-1 transcripts are found in the AVE of the wild-type (E) and in
the distal visceral endoderm of the Cripto2/2 (G) embryos. Expression is not detected in either the Otx22/2 (F) or the Otx22/2;Cripto2/2 (H)
mbryo. Cer-l and Lim1 expression are found in the AVE of the wild-type embryo (I, M), and are present at the distal part of the egg cylinder
n the Otx22/2 (J, N) and Cripto2/2 (K, O) embryos; in the latter, they are somewhat reduced. In the Otx22/2;Cripto2/2 embryos, neither Cer-l
nor Lim1 expression is observed (L, P). TTR expression is present in the visceral endoderm of the extraembryonic region in wild type
mbryos (Q). In both Otx22/2 and Cripto2/2 single mutants, TTR expression is principally found in the visceral endoderm of the
xtraembryonic part (R, S), but is also seen faintly in the distal region (R, S, arrows). In the Otx22/2;Cripto2/2 embryo, TTR expression is
een in the entire visceral endoderm, including both embryonic and extraembryonic regions (T). The double mutant visceral endoderm of
he embryonic region is thickened and is morphologically similar to the visceral endoderm of the extraembryonic region. Abbreviations:
VE, anterior visceral endoderm; ps, primitive streak; xn, visceral endoderm in the extraembryonic region.
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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19Interaction between Otx2 and Cripto in EpiblastNext, we examined the expression of the AVE markers
Cer-l and Lim1 (Belo et al., 1997), which are found in the
VE of both Otx22/2 and Cripto2/2 single mutants at 6.5
dpc (Figs. 3J, 3K, 3N, and 3O) (Acampora et al., 1998; Ding
et al., 1998; Kimura et al., 2000). The expression of both
er-l and Lim1 was completely abolished in the Otx22/2;
Cripto2/2 embryos (Figs. 3L and 3P). In contrast to the
/AVE genes, Wnt3 is expressed in the posterior part of
isceral endoderm as well as in PoE at 6.5 dpc (Fig. 4A) (Liu
t al., 1999). In Otx22/2;Cripto2/2 double mutants, the Wnt3
xpression in the visceral endoderm was lost (Fig. 4D).
FIG. 3—hus, Otx22/2;Cripto2/2 embryos most likely do not express i
Copyright © 2001 by Academic Press. All rightny restricted markers of the embryonic visceral endoderm
Table 2).
In addition to loss of expression of these visceral
ndoderm markers, the visceral endoderm was morphologi-
ally aberrant in the embryonic region of Otx22/2;Cripto2/2
embryos. In wild-type development, visceral endoderm
morphologically as well as molecularly appears to form
initially with an extraembryonic character that is colum-
nar, not squamous (Barbacci et al., 1999). Notably, in
ouble mutants, the embryonic visceral endoderm was
olumnar in appearance, similar to the visceral endoderm
tinuedn the extraembryonic region (Figs. 3L and 3P). To confirm
s of reproduction in any form reserved.
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20 Kimura et al.this finding, we examined the expression of TTR, a marker
or the extraembryonic visceral endoderm (Figs. 3Q and 3U)
Makover et al., 1989). In both Otx22/2 and Cripto2/2 single
mutant embryos, TTR expression was found principally in
the extraembryonic region, though it was also present
faintly in the embryonic visceral endoderm at the distal end
(Figs. 3R, 3S, 3V, and 3W). In Otx22/2;Cripto2/2 embryos,
TR expression was found extensively throughout the
ntire visceral endoderm, including that in the embryonic
egion (Figs. 3T and 3X). Thus, beyond the distal localiza-
ion of AVE genes that occurs in Otx2 or Cripto single
utants, the entire embryonic visceral endoderm was con-
erted into or remained in the character of the extraembry-
nic visceral endoderm in the double mutants.
Early Epiblast Defects in Otx22/2;Cripto2/2
Double Mutants
The expression of epiblast markers at 6.5 dpc was subse-
quently investigated. We found that marker expression was
altered or absent in Otx22/2;Cripto2/2 double mutants (Fig.
4; Table 2). Previous work demonstrated that no mesoderm
is formed in Cripto2/2 mutants (Ding et al., 1998). In the
double mutants at this stage, no mesodermal layer was
apparent histologically (Figs. 1H and 3X); moreover, none of
mesodermal markers, Lefty-2,Wnt3, Fgf3, or Eomesoder-
min (mEomes), was expressed either (Figs. 3D, 4D, 8D and
8P, respectively; Table 2).
In wild-type embryos, the expression of Pr/PoE genes is
initially found in the proximal epiblast around 5.5 dpc, but
shifts to posterior epiblast prior to gastrulation (Figs. 4A,
4E, and 4I). In both Otx2 and Cripto single homozygous
mutant embryos, Wnt3 expression is found in the proximal
region even at 6.5 dpc (Figs. 4B and 4C), while no Wnt3
expression was observed in Otx22/2;Cripto2/2 embryos (Fig.
4D). In both Otx22/2 and Cripto2/2 single mutants, T
ranscripts are also present in PrE, even at 6.5 dpc (Figs. 4F
nd 4G; Acampora et al., 1998; Kimura et al., 2000; Ding et
l., 1998). In Otx22/2;Cripto2/2 embryos, however, T expres-
sion was found throughout the epiblast (Fig. 4H). Similarly,
Fgf8 expression that is found in PrE in both Otx22/2 and
Cripto2/2 single mutants (Figs. 4J and 4K) was expressed in
he entire epiblast of Otx22/2;Cripto2/2 embryos (Fig. 4L).
Next, we examined the developmental status of the
ouble mutant epiblast by using Oct4, which is expressed
hroughout the epiblast of 6.5-dpc wild-type and Otx22/2
embryos (Figs. 5A and 5B). In Cripto2/2 embryos at this
stage, it was also expressed in the entire epiblast (Fig. 5C),
although the Oct4 expression was down-regulated at 7.5
dpc as described above (Fig. 2C). In contrast, Oct4 expres-
sion was greatly reduced in Otx22/2;Cripto2/2 embryos at
6.5 dpc (Fig. 5D).
This significant reduction of Oct4 expression coincides
ith the earlier onset of neural differentiation in the double
utants (Fig. 5; Table 2). Sox1 gene, a neural marker,
Copyright © 2001 by Academic Press. All righttarted to be expressed in Otx22/2;Cripto2/2 embryos at 6.5
pc (data not shown and Table 2). Hesx1/Rpx and Six3 are
he earliest markers for anterior neuroectoderm, starting at
.5 dpc in wild-type embryos (Figs. 2E, 5E, and 5I). In
ripto2/2 embryos, Rpx is expressed prematurely in the
distal ectoderm at 6.75 dpc (Fig. 5G) (Ding et al., 1998), and
Six3 expression was also present in the 6.75-dpc ectoderm
(Fig. 5K). Neither Six3 nor Rpx expression, however, was
detected in Otx22/2;Cripto2/2 double mutants (Figs. 5H and
L); nor was it induced in Otx22/2 mutants (Figs. 5F and 5J).
We further examined the expression of anterior hindbrain
markers and found that these neuroectodermal markers
were prematurely expressed at 6.75 dpc (Table 2). In wild-
type embryos, Gbx2 expression takes place around 7.5 dpc
Figs. 2M, 2Q, and 5M) and was not found in the 6.75-dpc
tx22/2 ectoderm (Figs. 2N, 2R, and 5N). In Cripto2/2
embryos, however, Gbx2 expression was already found at
6.75 dpc in the proximal region of the epiblast (Fig. 5O). In
the 6.75-dpc Otx22/2;Cripto2/2 embryos, Gbx2 expression
as observed throughout the epiblast (Fig. 5P). In wild-type
mbryos, mMeis2 is expressed in embryonic mesoderm at
6.75 dpc (Fig. 5Q) and in the r2–r3 neuroectoderm at 8.5 dpc
(Niederreither et al., 2000; Cecconi et al., 1997). In the
.75-dpc Otx22/2 embryos, it was found in the embryonic
esoderm (Fig. 5R) and in the 6.75-dpc Cripto2/2 embryos
n the proximal part of the ectoderm (Fig. 5S). The 6.75-dpc
tx22/2;Cripto2/2 embryos also expressed mMeis2 in the
piblast (Fig. 5T). The 6.75-dpc double mutant epiblast did
ot express Krox20 (Fig. 5X; Table 2), En-1, or Hoxb1 (data
not shown). Thus, in Otx22/2;Cripto2/2 embryos, the epi-
last prematurely developed into neuroectoderm of r1
nd/or r2 character at 6.75 dpc.
The double mutant phenotype at 6.5 dpc suggests that
tx2 and Cripto interact at an earlier stage. Analysis at
earlier stages is hampered by the difficulty associated with
genotyping of embryos. However, we could analyze Cer-l
and Oct4 expression at 5.5 dpc (Fig. 6). Cer-l was expressed
n the distal visceral endoderm in wild-type embryos (Fig.
A); however, no Cer-l expression was found in Otx22/2;
Cripto2/2 embryos at this stage (Fig. 6B). In addition, Oct4
expression was already significantly reduced at this stage
(Figs. 6C and 6D).
The developmental stage at which the complementary
function of Otx2 and Cripto is essential was next assessed
by in vitro blastocyst culture (Nichols et al., 1998; Robert-
son, 1987) with special consideration of the decrease of
Oct4 expression in Otx22/2;Cripto2/2 epiblast (Figs. 5D and
6D). When examined by RT-PCR, Otx2 as well as Cripto
and Oct4 expressions were detected even in 3.5-dpc blasto-
cysts (Fig. 7A). Futher analyses of Otx2 expression by in situ
ybridization and of Cripto expression by b-galactosidase
taining of Cripto1/lacZ embryos (Ding et al., 1998) demon-
strated that both genes were expressed in the ICM, but not
in trophectoderm (Figs. 7B and 7C). Normally, wild-type
blastocysts cultured in the presence of LIF (see Materials
and Methods) hatch from the zona pellucida and attach to
plain plastic dishes within 24–36 h with outgrowth of the
s of reproduction in any form reserved.
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21Interaction between Otx2 and Cripto in Epiblasttrophoblast cells (Robertson, 1987). After 48 h of culture,
ICM-derivatives protrude into medium expressing Oct4,
FIG. 4. Molecular analysis of Pr/PoE markers at the early g
nt3 (A–D), T (E–H), and Fgf8 (I–L) expressions. Wnt3 expressi
erior visceral endoderm in the wild-type embryo (A). It is pres
(C, arrowhead) embryos; however, no Wnt3 expression is seen i
streak of the wild-type embryo (E), but is found in the prox
Otx22/2;Cripto2/2 embryo, T expression is expanded throughout t
wild-type embryo (I). Its expression is also found in the proxima
xpression is detected in the entire epiblast of the Otx22/2;Crip
visceral endoderm.Otx2, and Cripto (Figs. 7D–7F). mEomes, a trophectoderm
Copyright © 2001 by Academic Press. All rightmarker, is expressed in the cells at the base of protruding
ICM derivatives (data not shown), but no Lim1, an embry-
lation stage. Whole-mount in situ hybridizations at 6.5 dpc;
s detected in the posterior ectoderm, primitive steak, and pos-
in the proximal region of Otx22/2 (B, arrowhead) and Cripto2/2
e Otx22/2;Cripto2/2 embryo (D). T is expressed in the primitive
l ectoderm of the Otx22/2 (F) and Cripto2/2 (G) embryos. In
ntire epiblast (H). Fgf8 is expressed in the primitive streak of the
ion of the Otx22/2 (J) and Cripto2/2 (K) embryos. However, Fgf8
embryo (L). Abbreviations: ps, primitive streak; PVE, posteriorastru
on i
ent
n th
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he e
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2/2onic visceral endoderm marker, expression is detected (data
s of reproduction in any form reserved.
e
a
e
(
t eak o
T) m
2 (W)
22 Kimura et al.not shown). Under this condition the Oct4 expression was
also found in the ICM derivatives of Otx22/2;Cripto2/2
FIG. 5. Molecular analysis of neuroectoderm markers at the early
and 6.75 dpc (E–X); Oct4 (A-D), Rpx (E–H), Six3 (I–L), Gbx2 (M–P
marker Oct4 (A) is normally expressed in both the Otx22/2 (B
Otx22/2;Cripto2/2 embryo (D). Rpx is not expressed in the wild-ty
piblast of the Cripto2/2 embryo (G). Similarly, Six3 transcripts are
re found in the distal part of the Cripto2/2 embryo (K). Neither R
xpression is seen in the wild-type (M) or Otx22/2 (N) embryo at 6.75
O). In the Otx22/2;Cripto2/2 embryo, Gbx2 expression is found th
he r2/r3 neuroectoderm at 8.25 dpc, are found in the primitive str
embryos (R). In the Cripto2/2 (S) and Otx22/2;Cripto2/2 embryos (
Krox20 is not expressed in the wild-type (U), Otx22/2 (V), Cripto2/double mutant (Fig. 7I) as well as of Otx22/2 and Cripto2/2
Copyright © 2001 by Academic Press. All rightsingle mutants (Figs. 7G and 7H). Thus, Otx2 and Cripto
expressions are not required to maintain Oct4 expression in
ulation stage. Whole mount in situ hybridizations at 6.5 dpc (A–D)
eis2 (Q–T), and Krox20 (U–X) expressions. The undifferentiated
d Cripto2/2 (C) embryos, but its expression is vestigial in the
) or Otx22/2 (F) embryos, but its expression is found in the distal
detected at 6.75 dpc in the wild-type (I) or Otx22/2 (J) embryo, but
r Six3 is expressed in Otx22/2;Cripto2/2 embryos (H, L). No Gbx2
, but it is present in the proximal ectoderm of the Cripto2/2 embryo
out the epiblast (P). The mMeis transcripts, which are specific to
f the wild-type embryo (Q) and in the proximal region of Otx22/2
Meis expression is found in the ectoderm. The marker for r3/r5,
, or Otx22/2;Cripto2/2 (X) embryos.gastr
), mM
) an
pe (E
not
px no
dpc
roughthe undifferentiated cells closely related to ICM in culture.
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23Interaction between Otx2 and Cripto in EpiblastExtraembryonic Defects in Otx22/2;Cripto2/2
Embryos
Although both Otx22/2 and Cripto2/2 single homozygous
utants form extraembryonic tissues normally (Figs. 1B,
C, 1F, and 1G), the double mutants did not form allantois
r chorion (Figs. 1D and 1H). Extraembryonic mesoderm
as not found, and the remaining tissue morphologically
esembled the ectodermal layer of the amnion (Fig. 1H),
hich is of epiblast origin (Gardner, 1983).
Analyses of the extraembryonic abnormalities of
tx22/2;Cripto2/2 double mutants demonstrated profound
FIG. 5—defects in the extraembryonic ectoderm as well as in
Copyright © 2001 by Academic Press. All rightormation of extraembryonic mesoderm (Fig. 8). In wild-
ype embryos, extraembryonic mesoderm derives from the
audal primitive streak around 7.0–7.5 dpc, and Fgf3 is
expressed in this mesoderm as well as in the embryonic
mesoderm (Fig. 8A) (Wilkinson et al., 1989c; Niswander and
Martin, 1992). In contrast with Otx22/2 and Cripto2/2 single
mutants, which both possess extraembryonic mesoderm
(Figs. 8B and 8C), no Fgf3 expression was detected in either
the embryonic or extraembryonic region of the double
homozygous mutants at 7.25 dpc (Fig. 8D). In addition, no
T-positive extraembryonic mesoderm was formed in the
tinueddouble mutants as it is in Cripto2/2 single mutants (Figs. 8G
s of reproduction in any form reserved.
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24 Kimura et al.and 8H; Downs, 1998; Herrmann, 1991; Ding et al., 1998).
Bmp4 is expressed in extraembryonic ectoderm and meso-
derm, and is essential for the development of extraembry-
onic tissues (Lawson et al., 1999). At 6.5 dpc, Bmp4 was
expressed normally in the extraembryonic ectoderm of both
Otx22/2 and Cripto2/2 single mutants (Figs. 8I–8K), but its
expression was completely abolished in the Otx22/2;
Cripto2/2 double mutants (Fig. 8L). mEomes is a marker for
he extraembryonic ectoderm and the embryonic meso-
erm (Fig. 8M) (Russ et al., 2000). In both Otx22/2 and
ripto2/2 embryos, mEomes was expressed normally in the
extraembryonic ectoderm (Figs. 8N and 8O), but, in the
double mutants, only vestigial expression was observed in
the extraembryonic ectoderm (Fig. 8P). Fgf4 has been sug-
gested to play a crucial role in trophoblast and extraembry-
onic ectoderm development (Feldman et al., 1995; Tanaka
FIG. 6. Otx22/2;Cripto2/2 defects at 5.5 dpc. Whole-mount in situ
hybridization at 5.5 dpc (A–D). Cer-l (A, B) and Oct4 (C, D). Cer-l
xpression is normally detected in the distal visceral endoderm (A),
ut no Cer-l expression is found in the Otx22/2;Cripto2/2 embryo
(B). The Oct4 expression in the epiblast is greatly reduced in the
Otx22/2;Cripto2/2 embryo (C, D).et al., 1998). Then, the Fgf4 expression was examined by a
Copyright © 2001 by Academic Press. All rightRT-PCR at prestreak stage (Fig. 9). It was significantly
reduced in Otx22/2;Cripto2/2 mutants (Fig. 9).
Abnormalities of Cripto2/2 and Otx22/2;Cripto2/2
Mutants Are Restored by Wild-Type Epiblast Cells
To assess whether the primary defect in the double
mutants is in epiblast or in extraembryonic tissues, we took
advantage of the developmental bias whereby ES cells
injected into a blastocyst tend to contribute to epiblast
derivatives (Beddington and Robertson, 1989. The chimeric
embryos were generated by injecting wild-type ES cells
(ROSA 26 ES cells) into blastocysts from crosses between
Otx21/2;Cripto1/2 male and female mice (Fig. 10). At
.5 dpc, chosen for the analysis were those embryos of
hich embryonic derivatives were solely composed of
b-galactosidase-positive wild-type cells (ROSA26) and ex-
traembryonic derivatives of b-galactosidase-negative mu-
ant cells. The genotype of the extraembryonic counterpart
as assessed by PCR of lacZ-negative yolk sacs. Chimera
hat is composed of wild-type cells in the embryonic part
nd Otx22/2 cells in the extraembryonic part (Otx22/2
chimera) displays an anterior truncation similar to that of
Otx22/2 mutants, since the Otx2 function in visceral
endoderm is responsible for the mutant phenotype (Figs.
10B and 10C; Rhinn et al., 1998; Acampora et al., 1998;
imura et al., 2000). In contrast, chimera that had Cripto2/2
cells in the extraembryonic part developed normally, con-
firming that the Cripto function in epiblast is responsible
for the Cripto2/2 phenotype (Fig. 10D). Chimeric embryos of
which the extraembryonic part was solely composed of
Otx22/2;Cripto2/2 cells (Otx22/2;Cripto2/2 chimera) showed
an anterior truncation, but obviously developed trunk
structures (Figs. 10B and 10E). They formed embryonic and
extraembryonic mesoderm (Fig. 10F and data not shown).
Thus, the phenotype of Otx22/2;Cripto2/2 chimera was
quite similar to the Otx22/2 chimera and was much milder
than Otx22/2;Cripto2/2 mutants. The analysis with recipro-
al chimera that is composed of Cripto2/2 or Otx22/2;
Cripto2/2 mutant cells in the embryonic part and wild-type
cells in the extraembryonic part could be not made because
of the unavailability of these mutant ES cells. Nevertheless,
the analysis favors the view that the primary defect in the
double mutants is due to the complementary function
between Otx2 and Cripto in epiblast (see Discussion).
DISCUSSION
Our analyses of double mutants suggest that Otx2 and
ripto, integral components of the anterior and posterior
ignaling centers, constitute an unexpectedly complemen-
ary system for A-P axis generation. This complementary
ystem functions beyond the sites of Otx2 and Cripto
xpression, suggesting a role for early epiblast in develop-
ent of visceral endoderm in the embryonic region as wells extraembryonic ectoderm.
s of reproduction in any form reserved.
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25Interaction between Otx2 and Cripto in EpiblastRoles for Otx2 and Cripto in Visceral
Endoderm Differentiation
In a recent study, we have proposed that the AVE func-
tions to suppress a posteriorizing signal(s) emanating from
the trunk-organizing center, and that another tissue, such
as anterior mesendoderm, provides a signal(s) for direct
induction of rostral brain (Kimura et al., 2000). Otx2 is
ssential cell-autonomously for the anterior movement of
VE cells to generate the AVE and for suppression of
osteriorizing signal(s). Although the expression of most
VE genes is retained in the Otx22/2 DVE cells (Acampora
et al., 1998; Kimura et al., 2000), mdkk-1 expression is
specifically lost in Otx22/2 embryos. Thus, mdkk-1 may
represent the primary target of Otx2 activity in the AVE,
functioning to repress a posteriorizing signal in the epiblast;
in Xenopus, its homologue is known to induce head as a
potent Wnt inhibitor (Glinka et al., 1998).
In Otx22/2;Cripto2/2 visceral endoderm, the expression of
FIG. 7. Oct4 expression in ICM-derivatives under culture. (A) Rev
ild-type embryos at preimplantation stages. cDNAs were prepared fr
n 8.5-dpc embryo served as positive and negative controls, respectiv
.5-dpc embryos. (RT2) indicates the RT-PCR analysis on a 3.5-dpc em
n wild-type at 3.5 dpc. (C) Cripto expression by b-galactosidase stainin
ultured for 2 days. (D) Oct4 and (E) Otx2 expression by in situ hybrid
n Cripto1/2 mutant. (G–I) Oct4 expression in Otx22/2 (G), Cripto2/2/AVE genes as well as Wnt3 in the posterior endoderm is c
Copyright © 2001 by Academic Press. All rightabolished. Consistent with this is the extraembryonic char-
acter of visceral endoderm in the embryonic region of the
Otx22/2;Cripto2/2 mutants. Several mutants have been re-
ported that may have a similar phenotype, including
ActRIB, Smad2, and nodal single mutants and HNF3b/
im1 double mutants (Iannaccone et al., 1992; Gu et al.,
998; Weinstein et al., 1998; Waldrip et al., 1998; Perea-
omez et al., 1999). All of these genes are expressed in the
mbryonic visceral endoderm.
In wild-type development, visceral endoderm morpho-
ogically as well as molecularly appears to form initially
ith an extraembryonic character that is columnar, not
quamous (Barbacci et al., 1999). Signals possibly from
piblast may transform the surrounding visceral endoderm
nto squamous and TTR-negative characteristics, and DVE
ay be coincidentally formed by 5.5 dpc. The double
utant visceral endoderm remains at the stage earlier than
.5 dpc. Cer-l expression was not induced at 5.5 dpc
transcriptase PCR analysis of Otx2, Cripto, and Oct4 transcripts in
3.5-dpc embryo and a 4.5-dpc embryo; anterior and posterior parts of
tx2 as well as Cripto and Oct4 transcripts are found in the 3.5- and
performed without RTase. (B) Otx2 exprssion by in situ hybridization
the Cripto1/lacZ mutant (Ding et al., 1998) at 3.5 dpc. (D–I) Blastocysts
on in wild-type, and (F) Cripto expression by b-galactosidase staining
nd Otx22/2;Cripto2/2 (I) mutants.erse
om a
ely. O
bryo
g inoncomitantly with significant reduction of Oct4 expres-
s of reproduction in any form reserved.
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27Interaction between Otx2 and Cripto in Epiblastsion in epiblast (Fig. 6). Thus, Otx2 and Cripto may coop-
erate for development of the embryonic part of visceral
endoderm. The role of epiblast in the development of
embryonic visceral endoderm is suggested by chimeric
analysis of b-catenin mutants (Huelsken et al., 2000).
Notably, Cripto is not expressed in visceral endoderm and
is believed to have local and cell-autonomous activity (Shen
and Schier, 2000). Analyses of chimera consisted of wild-
type epiblast and Cripto2/2 or Otx22/2;Cripto2/2 extraem-
bryonic tissues also demonstrated that Cripto did not
unction in visceral endoderm (Fig. 10). The Otx2 expres-
ion in distal visceral endoderm takes place later at 5.5 dpc,
hile Otx2 is expressed in the ICM and epiblast from
lastocyst stage (Figs. 7A and 7B). Thus, it is possible that
tx2 and Cripto cooperates in epiblast to send a signal for
evelopment of embryonic visceral endoderm and for gen-
FIG. 9. Semiquantitative reverse transcription PCR analysis of
Fgf4 expression at a prestreak stage. Otx2 and Cripto transcripts
were initially analyzed to determine the genotype of each embryo
(data not shown) with RNAs from whole embryos at 6.0 dpc.
cDNAs of wild-type embryo and each mutant embryo were subse-
quently assayed for Fgf4 and HPRT expression. HPRT expression
erves as a control in each reaction. Fgf4 expression is significantly
educed in the Otx22/2;Cripto2/2 embryos.
FIG. 8. Defects of extraembryonic ectoderm and mesoderm. Mark
6.5 dpc (I–P). Fgf3 (A–D), T (E–H), Bmp4 (I–L), and mEomesoderm
xtraembryonic mesoderm in the wild-type embryo (A). It is pres
embryo (B, arrow and arrowhead), while in the Cripto2/2 embryo
arrowhead). In the Otx22/2;Cripto2/2 embryo, no Fgf3 expression is
expressed in the base of allantois of wild type (E), Otx22/2 (F),
tx22/2;Cripto2/2 embryos (H). In the wild-type and Otx22/2 embry
his expression is observed in neither the Cripto2/2 nor Otx22/2
ectoderm of the wild-type embryo (I). In the Otx22/2 (J) and Cript
ctoderm, though it is somewhat reduced. No Bmp4 expression i
found in the extraembryonic ectoderm and primitive streak in
extraembryonic regions of the Otx22/2 embryo (N, arrow and arrow
2/2n the extraembryonic ectoderm (O, arrowhead). In the Otx2 ;Cripto
region (P). Abbreviations; em, embryonic mesoderm; ps, primitive strea
Copyright © 2001 by Academic Press. All rightration of Cer-l-positive distal visceral endoderm during
.5–5.5 dpc (Fig. 11). The justification of this possibility,
owever, remains to the future analyses on chimera con-
isted of wild-type extraembryonic structures and the
ouble mutant epiblast and others.
Roles for Otx2 and Cripto in Development
of Extraembryonic Tissues
Several mutants are known to display developmental
defects of extraembryonic ectoderm-derived tissues, such as
chorion: Bmp42/2, Smad42/2, Smad22/2, ActRIB2/2 mutants
nd ActRIIA2/2;ActRIIB1/2 double mutants (Winnier et al.,
1995; Gu et al., 1998; Sirad et al., 1998; Yang et al., 1998;
aldrip et al., 1998; Weinstein et al., 1998; Song et al.,
999). These genes are expressed in extraembryonic ecto-
erm. Consequently, the defects may result from the loss of
heir functions in the extraembryonic tissues themselves.
n contrast, neither Otx2 nor Cripto is expressed in the
xtraembryonic ectoderm, mesoderm, or visceral endoderm
Ding et al., 1998; this study). Thus, Otx2 and Cripto may
unction complementarily to generate a signal(s) for the
evelopment of extraembryonic structures. Several studies
ave indicated that the development of extraembryonic
ctoderm is dependent on signals from ICM (inner cell
ass) and epiblast (Rossant and Ofer, 1977; Ilgren, 1981).
everal such candidate signaling molecules are expressed in
he Pr/PoE. For example, Fgf8 expression was retained, but
ot concentrated in the PrE in the double mutants; notably,
xtraembryonic tissues are formed in Fgf8 mutants (Sun et
l., 1999). In contrast, Wnt3 expression was lost in the
tx22/2;Cripto2/2 double mutants, suggesting that it could
epresent a signal from the epiblast to maintain extraem-
ryonic ectoderm development. Consistent with this pos-
ibility, the Wnt3 mutant embryos do not develop beyond
he egg cylinder stage, and no extraembryonic structures are
ormed (Liu et al., 1999).
Fgf4 from the ICM and epiblast is also suggested essential
o the earlier trophectoderm and extraembryonic ectoderm
evelopment (Feldman et al., 1995; Tanaka et al., 1998). In
alyses by whole-mount in situ hybridization at 7.25 dpc (A–H) and
M–P) expression. Fgf3 expression is found in the embryonic and
n both embryonic and extraembryonic mesoderm in the Otx22/2
expression is found only in the extraembryonic mesoderm (C,
ted in either the extraembryonic or embryonic region (D). T is also
Cripto2/2 embryos (G), while this T expression is not found in
transcripts are found in the notochord and primitive streak (E, F).
to2/2 embryos (G, H). Bmp4 is expressed in the extraembryonic
embryos (K), Bmp4 expression is detected in the extraembryonic
erved in the Otx22/2;Cripto2/2 embryo (L). MEomes expression is
wild-type embryo (M). It is present in both embryonic and
, while in the Cripto2/2 embryo mEomes transcripts are found only
/2er an
in (
ent i
Fgf3
detec
and
os, T
;Crip
o2/2
s obs
the
head)
2 embryo, mEomes expression is vestigial in the extraembryonic
k; xe, extraembryonic ectoderm; xm, extraembryonic mesoderm.
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28 Kimura et al.addition, Oct4 expression is required for the Fgf4 expression
(Nichols et al., 1998). In the Otx22/2;Cripto2/2 mutants,
gf4 expression was also down-regulated (Fig. 9), concomi-
ant with a reduction in Oct4 expression. Thus, the devel-
opmental failure in extraembryonic tissues in double mu-
tants may be induced as well by the decrease of Fgf4
expression.
Functions of Otx2 and Cripto in Initial
A-P Axis Patterning
Based on our findings, we propose that, at early egg
cylinder stage, Otx2 and Cripto cooperate in epiblast to
send signals for the development of extraembryonic struc-
tures and the embryonic part of visceral endoderm and DVE
(Fig. 11). Otx2 and Cripto might also regulate the epiblast
FIG. 10. Rescue of mutant defects with wild-type ES cells in chim
ES cells (ROSA 26) in the embryonic part obtained by intro
tx22/2;Cripto2/2 (E) blastocysts. (C) A transverse section of Otx22/
respectively.evelopment autonomously. Alternatively, the induced p
Copyright © 2001 by Academic Press. All rightmbryonic visceral endoderm and extraembryonic ecto-
erm may in turn send signals to support the epiblast
evelopment (Fig. 11). At the same time, the DVE may
uppress the expression of PrE genes in the distal epiblast
Kimura et al., 2000), thereby establishing the initial A-P
xis in a P-D orientation.
In support of a repressing role of the D/AVE on PrE gene
xpression in the epiblast (Kimura et al., 2000), T and Fgf8
xpression was found throughout the epiblast of Otx22/2;
ripto2/2 double mutants that lacked D/AVE. The primary
defect in HNF3b/Lim1 double mutants is probably in the
mbryonic visceral endoderm, and the expression of D/AVE
enes is lost in the double mutants (Perea-Gomez et al.,
999). In their epiblast, the Oct4 expression is greatly
educed, the Otx2 expression is lost prematurely, and T and
gf8 expression is found throughout the epiblast. The
8.5-dpc chimeric embryos with extensive colonization of wild-type
g them into a wild-type (A), Otx22/2 (B), Cripto2/2 (D), and
meric embryo (B), and (F) of Otx22/2;Cripto2/2 chimeric embryo (E),eras.
ducin
2rimary defect in Smad2 mutants is also probably in
s of reproduction in any form reserved.
t
a
e
g
A
a
B
D erm
e
29Interaction between Otx2 and Cripto in Epiblastembryonic visceral endoderm, and D/AVE is lost. In their
epiblast, Otx2 is not expressed, Oct4 expression is prema-
urely lost by the midstreak stage, and nodal, T, and Fgf8
re expressed throughout the embryonic ectoderm (Waldrip
t al., 1998).
Is Anterior Hindbrain a Ground State
for Neural Differeniation?
A prominent characteristic of the Otx22/2;Cripto2/2
double mutant phenotype is the acceleration of neural
differentiation concomitant with the decrease of Oct4 ex-
pression and the emergence of Gbx2 expression throughout
the epiblast at 6.75 dpc (Fig. 5P). Thus, Oct4 expression is
FIG. 11. A schematic model of Otx2 and Cripto complementary
does not have an A-P orientation at the molecular level (A). In addit
both morphologically and molecularly (Barvacci et al., 1999). The u
enes such as Cripto are also expressed throughout the epiblast. W
complementary functions of Otx2 and Cripto at this stage. The
endoderm (red) and of extraembryonic ectoderm (dark green) (B). As
(purple) and extraembryonic (dark blue) regions (B). The embryonic
turn send reciprocal signals to develop the epiblast (B). Alternative
at egg cylinder stage prior to 5.5 dpc. At 5.5 dpc, 1 day before primiti
such as Cripto and T in the distal epiblast (Kimura et al., 2000), th
-P axis rotation results in the anterior movement of DVE cells an
nd Robertson, 1998, 1999; Kimura et al., 2000). The yellow area and
lue circles indicate that Cripto expression is found initially in the
). Abbreviations: DVE, distal visceral endoderm; en, visceral endod
ndoderm in the extraembryonic region; PrE, proximal epiblast.maintained complementarily by Cripto and Otx2. Blasto-
Copyright © 2001 by Academic Press. All rightcyst culture analysis suggests that Otx2 and Cripto func-
tions are not required for Oct4 expression in undifferenti-
ated cells closely related to ICM in culture (Figs. 7G–7I).
This suggestion may implicate that the requirement
evolves later in the epiblast at the egg cylinder stage.
Alternatively, serum components may circumvent the need
for Otx2 and Cripto. Furthermore, Otx2 may suppress the
expression of Gbx2 as well as other posterior neuroecto-
derm genes in the epiblast, as suggested for the process of
midbrain/hindbrain boundary formation (Millet et al.,
1999; Broccoli et al., 1999; Katahira et al.,1999). Con-
versely, a transcription factor downstream of Cripto may
suppress expression of Gbx2 and anterior neuroectoderm
genes.
ions in initial A-P patterning. The mouse embryo prior to 5.0 dpc
the entire visceral endoderm bears extraembryonic characteristics,
erentiated epiblast expresses Oct4 as well as Otx2, but several PrE
pose that the Otx22/2;Cripto2/2 double mutant defects reflect the
last may send signals (A) for development of the distal visceral
sequence, the visceral endoderm becomes divided into embryonic
eral endoderm and extraembryonic ectoderm thus induced may in
tx2 and Cripto may regulate epiblast development autonomously
reak formation, DVE (red) may suppress the expression of PrE genes
tablishing the initial A-P axis in a P-D orientation. Subsequently,
posterior shift of PrE gene expression by 6.25 dpc (D) (Beddington
circles indicate Oct4 and Otx2-positive early epiblast, respectively.
re epiblast (A, B) and later in the proximal or posterior epiblast (C,
in the embryonic region; xe, extraembryonic ectoderm; xn, visceralfunct
ion,
ndiff
e pro
epib
a con
visc
ly, O
ve st
us es
d the
red
entiOtx22/2;Cripto2/2 double mutants exclusively develop
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A30 Kimura et al.neuroectoderm, which expresses the anterior hindbrain
markers Gbx2 and mMeis2. Based on the neural crest
defects in Otx2 and Hoxa2 mutants (Rijli et al., 1993;
Matsuo et al., 1995), we previously suggested that anterior
hindbrain represents a ground state in the vertebrate body
plan (Matsuo et al., 1995; Kuratani et al., 1997). Our results
showing the development of the anterior hindbrain in the
absence of both anterior and posterior signaling centers,
AVE and primitive streak, respectively, support this idea.
Recent observation that ES cells efficiently generate neu-
rons with hindbrain and/or midbrain character might be
relvant to our results (Kawasaki et al., 2000; Lee et al.,
2000).
Several models have been proposed for the A-P patterning
of the vertebrate nervous system. As one of the two primary
theses, Spemann (1931) postulated two distinct head and
trunk organizers. According to this model, the ratio of the
two opposite signals emanating from each organizer is
believed to define the anterior hindbrain characteristics
(Saxen and Toivonen, 1961). On the other hand, Nieuwkoop
(1952) presented the “two step” or the “activation-
transformation” model, in which anterior neural develop-
ment is initiated by neural inducers, whereas caudal neu-
roectoderm is formed secondarily by respecification with
posteriorizing signals. Our proposal that the anterior hind-
brain region is a ground state in the mammalian body plan
obviously requires modifications in both models.
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